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Abstract—Progressive collapse denotes a failure of a major
portion of a structure that has been initiated by failure of a
relatively small part of the structure such as failure of any
vertical load carrying element (typically columns). Failure of large
part of any structure results in to substantial loss of human
lives and natural resources. Therefore it is very important to
prevent this type of progressive collapse which is also known as
disproportionate collapse. Progressive collapse of a structure can
be prevented by providing sufficient continuity and redundancy
to redistribute additional forces through an alternate load path.
In this study, experimental investigation on role of reinforcement
detailing to progressive collapse resistance is carried out for 6-
storey Reinforced Concrete structures under column removal
scenario. Two 3/8th scaled specimen, which is part of structure,
is designed according to IS codes with non-ductile detailing and
ductile detailing. Each specimen includes two span beams and
three columns with removed middle column. Removed middle
column represents column removal scenario, which in turn
indicates progressive collapse situation. Response of specimen in
terms of vertical deflection along the span of beam is measured.
From the results, it is observed that progressive collapse resistance
can be significantly increased by providing continuous bottom
reinforcement instead of curtailed reinforcement, closely spaced
stirrups near the beam column junction and proper anchorage
of reinforcement at beam column junction.
Keywords—Progressive Collapse; Reinforced Concrete; Gravity
and Seismic Design; Catenary Action; Column Removal Scenario
I. INTRODUCTION
One of the major causes for failures of many high profile
structures took place in last decade, around the world, is
extreme loading effects generated due to hurricane, flood,
earthquake, explosion and terrorist attacks on buildings. This
type of event exposes abnormal loading on the building struc-
ture. Generally members of building are not able to resist
this type of abnormal loading and results in to failure. One
of the mechanisms of failure during such event is referred to
as ”Progressive Collapse”. Progressive collapse is a situation
where local failure of a primary structural component leads to
the collapse of adjoining members, which in turn leads to ad-
ditional collapse. Progressive collapse is defined as the spread
of an initial local failure from element to element resulting in
the collapse of an entire structure or a disproportionately large
part of it [1]. It is a chain reaction failure of building members
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to an extent disproportionate to the original localized damage
[2].
Earliest example of progressive collapse goes back to the
partial collapse of Ronan Point apartment building in 1968.
After the bombing of the Murrah Federal Building in 1995
and collapse of Khobar Tower in 1996, several considerable
changes have been made in the design philosophy of the build-
ing structure to enhance progressive collapse resilience. But
after the collapse of World Trade Center Towers due to terrorist
attack in September 2001, many government authorities and
local agencies have worked on developing guidelines for de-
signing progressive collapse resistant structures. Among these
guidelines, the U.S. General Service Administration (GSA)
and Unified Facilities Criteria (UFC 4-023 -03) published
by Department of Defense (DoD) provide detailed step wise
procedure and methodologies to resist the progressive collapse
of building structures.
Marjanishvili and Agnew [3] [4] evaluated progressive col-
lapse potential of 9-storey steel moment resisting building
by performing linear static analysis, linear dynamic analysis,
nonlinear static analysis and nonlinear dynamic analysis. Pro-
gressive collapse resistance of 11-storey steel moment resisting
frame building designed according to International Building
Code (IBC 2006) by following GSA guidelines was investi-
gated by Tsai and Lin [5]. Effectiveness of different structural
systems on progressive collapse resistance was examined by
Chen et al., Khandelwal et al., Kim and Kong, Isobe and
Thanh [6][7][8][9]. Alashker et al. [10] discussed various
approximations considered during modeling for progressive
collapse analysis and design.
Experimental investigations are equally important as they
will be helpful to validate the analytical findings. Chen et al.
[11] performed experiments to evaluate progressive collapse
behaviour on full scale 2-storey steel moment frame under
a sudden removal of perimeter column from first floor. Kai
and Li [12] carried out experimental and analytical studies
of progressive collapse resistance on four full scale beam
column assemblies designed with International Building Code
(IBC 2006), which was part of 8-storey building. Behaviour of
steel and RC beam column assemblies with different seismic
design and detailing under a progressive collapse scenario was
studied by Sadek et al. [13][14][15] through experimental and
analytical investigations. Progressive collapse resistance of RC
structure under column removal scenario was examined by
many researchers [16][17][18][19]. Experimental studies were
carried out on scaled specimen such as beams and beam-
column assemblies prepared with different design and detailing
to observe the behaviour under progressive collapse scenario.
16
II. DESCRIPTION OF BUILDING
The 6-storey symmetrical building with rectangular plan is
considered for the study. The building has 4 bays in x-direction
and 3 bays in z-direction with 4 meter c/c spacing. Overall plan
dimensions of the building are 16 m 12 m. A typical floor
height of building is 3.2 m with height at bottom storey equal
to 3.5 m. The typical floor plan and elevation of the building
is shown in Fig 1.
Fig. 1. Typical Floor Plan and Elevation of the building
III. DESIGN AND DETAILING OF SPECIMEN
Perimeter frames of any building are subjected to highest
risk of occurrence of any undesired event due to ease of
accessibility. Therefore, the prototype of test specimens is
assumed to be located at the middle of the perimeter frame in
longer direction subjected to column loss at bottom storey as
shown in Fig. 1. Dimensional analysis has been carried out to
establish sizes of specimen. Two 3/8th scaled specimens are
designed and tested under a column removal scenario. Each
specimen contains two span beam and three columns with
removed middle column. Removed middle column represents
the progressive collapse scenario. Two column stubs of 900
mm height and 135 mm 135 mm cross section are provided
at both ends of specimen for providing sufficient anchorage for
the longitudinal reinforcement. The geometric design dimen-
sions of both full scale prototypes and 3/8th scaled specimens
are shown in Table 1. Closely spaced stirrups are provided
near the junction, in case of ductile detailing by following the
codal provisions of IS: 13920 [20]. Detailing of the specimen
is shown in Fig. 2. M25 grade of concrete and Fe-415 grade
of steel is used for casting of all specimens.
Table 1: Geometric properties of prototype and specimen
IV. TEST SET-UP AND PROCEDURE
Schematic diagram of test set-up is shown in Fig. 3 To
simulate exact condition as in prototype building, two tri-
angle frames are fabricated to prevent horizontal movement
(a)
(b)
Fig. 2. Detailing of test specimen (a) non-ductile design (b)ductile design
of end of column. These triangle frames are attached with
the existing loading frame that enables them to transfer the
load from column to existing loading frame. End columns are
restrained vertically by providing equal reactive force through
hydraulic jack at bottom of it. Total four Caps are fabricated,
two caps are attached with triangle frame and two caps are
placed on hydraulic jack, to maintain the position of column.
After erection of triangle frame, bottom hydraulic jack and
caps, specimen is placed in the position. Leveling of the test
specimen is ensured using level tube to avoid development
of cracks due to level difference. The gap between hydraulic
jack and top of the specimen is filled with spacer plates. The
Load is applied at the top of the removed middle column with
the help of hydraulic jack of capacity 250 kN. The response
of specimen under column removal scenario is observed in
terms of vertical deflection measured with the help of six dials
gauges and one LVDT. Actual test set-up consisting specimen,
supporting arrangement and all instrumentation is shown in
Fig. 4
Fig. 3. Schematic Diagram of Test Set-up
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Fig. 4. Actual Test Set-up
V. INSTRUMENTATION
The arrangement of the instrumentation system consists of
two different parts: (i) six dial gauges placed along the span
of the beam to measure the vertical deflection at different
locations and (ii) one linear variable differential transducer
(LVDT) at centre to measure vertical deflection at location
of removed middle column. A schematic layout of instrumen-
tation is shown in Fig. 5
Fig. 5. Layout of Instrumentation - location of dial gauges and LVDT
VI. RESULTS AND DISCUSSION
To study the role of reinforcement detailing on progressive
collapse resistance two different types of specimens with non
ductile detailing and ductile detailing are tested in this study.
The value of response reduction factor (R) is considered
as 3 and 5 for non ductile detailing and ductile detailing,
respectively. Each specimen contains two beam spans and
three columns, with removed middle column. Removed middle
column represent progressive collapse scenario.
Effect of reinforcement detailing on progressive collapse
resistance is studied by applying load at the location of
removed middle column with the help of hydraulic jack of
capacity 250 kN. Result in terms of vertical deflection along
the span of beam and capacity of load resistance are measured.
The hydraulic jack of 250 kN capacity used in this experiment
has stroke of 150 mm. The dial gauges used in experiments has
maximum limit of 50 mm for measurement of displacement.
Because of this two limitations load is applied in cycles
till complete collapse occurs. Once piston is out with its
full capacity, then load is released slowly and specimen is
unloaded. The deflection of specimen during the process of
loading and unloading are recorded. Once again the load is
applied to the specimen after inserting spacers to fill the
gap created due to permanent deflection of specimen between
specimen and hydraulic jack. The process is continued for
number of cycles of load application till complete collapse
took place. Table 2 shows the maximum value of load and
corresponding deflection for each load cycle. The graph of
load vs. deflection of 3/8th scaled specimen with non ductile
detailing and ductile detailing is shown in Fig. 6
Table 2: Maximum Load and corresponding deflection for
3/8th scaled specimen at each cycles
(a)
A envelop of load vs. deflection for both the specimens is
plotted by joining maximum deflections recorded at the end
of each cycle. Envelop of load vs. deflection of 3/8th scaled
specimen with non-ductile design and ductile design is shown
in Fig. 7
Deflections at seven different locations are measured with
the help of LVDT (at centre) and dial gauges as shown in Fig.
5. Deflection measured along the span of beam of 3/8th scaled
specimen with non-ductile and ductile detailing are shown
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(b)
Fig. 6. Load - Deflection curve of specimen at each cycle with (a)non-ductile
detailing (b)ductile detailing
(a)
in Fig. 8 Result shows that initially beam column assembly
behaves as fixed beam and deflection at junction is very less.
It is also observed that beam behaves in symmetrical manner
with maximum displacement at location of removed column.
The specimen with ductile detailing deflects more compared
to specimen with non ductile detailing with reduced number
of cracks and less spalling of concrete. It is also evident that
ductile detailing leads to increase in ultimate load resisting
capacity of specimen with increased deflection as compared
to the non ductile detailing.
Behavior of specimen and development of cracks are also
observed during the experiment. For specimen with non-ductile
detailing, first crack is observed at upper surface of both beam
column junction at a vertical load of 10 kN and corresponding
deflection is recorded as 10.73 mm at centre. For specimen
with ductile detailing, first crack is observed at a vertical
load of 12 kN and deflection of 8.04 mm at top face of
beam column junction at both ends. Cracks and spalling of
concrete at beam column junction is shown in Fig. 9. During
the elastic range of loading the specimen behave as flexural
member, but in inelastic stage after crushing of concrete,
reinforcement and part of specimen is subjected to direct
tensile force. This phenomenon in which specimen is subjected
to direct tension is known as catenary effect. The reinforcement
(b)
Fig. 7. Load - Deflection curve of specimen with (a) non-ductile detailing
(b)ductile detailing
(a)
detailing helps in developing catenary effect during progressive
collapse. During the test, two bottom longitudinal reinforce-
ment bars is completely ruptured as shown in Fig. 10. The
force displacement relationship of the specimen design for
ductile detailing loading kept increasing even after fracture
of the lower reinforcement due to catenary action of upper
reinforcement.
Comparison of maximum value of load and deflection for
3/8th scaled specimen with non-ductile design and ductile
design is presented in Table 3.
(b)
Fig. 8. Deflection along the span of beam for specimen with (a)non-ductile
detailing (b)ductile detailing
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Fig. 9. Cracks and spalling of concrete at beam-column junction
Fig. 10. Rupture of bottom longitudinal reinforcement
VII. CONCLUSION
Based on experimental studies carried out, to evaluate the ef-
fectiveness of reinforcement detailing on progressive collapse
resistance, following conclusion are drawn:
• The specimen designed with non-ductile detailing is
having higher percentage of reinforcement but anchorage
of longitudinal reinforcement in to column is less as
compared to specimen designed for ductile detailing.
This result in to failure of specimen by pulling out rein-
forcement and crushing of concrete at the extreme beam
column junction before catenary action is activated.
• Due to wider spacing of stirrups and lesser anchorage of
longitudinal reinforcement Specimen designed with non-
ductile detailing is having lower load resisting capacity
and represent low ductility as compared to specimen
designed with ductile detailing.
• From comparison of maximum load, it has been seen
that load carrying capacity of specimen having ductile
detailing is almost 32% more as compared to specimen
design with non ductile detailing.
• Deflection of specimen with ductile detailing is 33%
more as compared to specimen with non-ductile detail-
ing.
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